Argonaute2 (Ago2) protein and associated microRNAs (miRNAs) or small interfering RNAs (siRNAs) form the RNA-induced silencing complex (RISC) for target messenger RNA cleavage and post-transcriptional gene silencing. Although Ago2 is essential for RISC activity, the mechanism of RISC assembly is not well understood, and factors controlling Ago2 protein expression are largely unknown. A role for the Hsc70/Hsp90 chaperone complex in loading small RNA duplexes into the RISC has been demonstrated in cell extracts, and unloaded Ago2 is unstable and degraded by the lysosome in mammalian cells. Here we identify the co-chaperones Fkbp4 and Fkbp5 as Ago2-associated proteins in mouse embryonic stem cells. Pharmacological inhibition of this interaction using FK506 or siRNA-mediated Fkbp4/5 depletion leads to decreased Ago2 protein levels. We find FK506 treatment inhibits, whereas Fkbp4/5 overexpression promotes, miRNA-mediated stabilization of Ago2 expression. Simultaneous treatment with a lysosome inhibitor revealed the accumulation of unloaded Ago2 complexes in FK506-treated cells. We find that, consistent with unloaded miRNAs being unstable, FK506 treatment also affects miRNA abundance, particularly nascent miRNAs. Our results support a role for Fkbp4/5 in RISC assembly.
INTRODUCTION
Argonaute (Ago) proteins are the key effectors of post-transcriptional gene silencing (PTGS) triggered by microRNAs (miRNAs) and small interfering RNAs (siRNAs) (Hammond et al. 2001; Meister 2013) . Both siRNAs and miRNAs are loaded into Ago proteins as short duplexes of ∼22 bp, and subsequently, one strand, the guide, is stably retained while the other (passenger or miRNA * ) strand gets degraded (Tomari et al. 2004; Matranga et al. 2005; Rand et al. 2005) . Loaded Ago serves then to guide the RNA-induced silencing complex (RISC) to target messenger RNAs (mRNAs), inducing their cleavage in the case of extensive sequence complementary between the guide strand and its target or translation repression and mRNA decay in the case of most miRNA/mRNA pairings (Chekulaeva and Filipowicz 2009) . Of the four Ago proteins expressed in mammalian cells, Ago2 is the sole family member capable of endonucleolytic cleavage of a complementary target mRNA and is essential for RNA interference (RNAi) Meister et al. 2004) .
Loading small RNA duplexes into Ago proteins requires the action of the Hsc70/Hsp90 chaperone machinery in cell-free systems (Iki et al. 2010; Iwasaki et al. 2010; Miyoshi et al. 2010 ). Chemical inhibition of Hsc70/Hsp90 in mammalian cells leads to decreased levels of Ago2 protein (Tahbaz et al. 2001; Pare et al. 2009; Johnston et al. 2010; Martinez and Gregory 2013) . Since unloaded Ago2 is unstable and degraded by the lysosome (and possibly also the proteasome), these findings are consistent with a role for the Hsc70/Hsp90 complex in the homeostatic control of Ago2 expression (Gibbings et al. 2012; Martinez and Gregory 2013; Smibert et al. 2013 ). Analogous to the regulation of steroid receptors, it has been speculated that the Hsp90 complex uses ATP to mediate a conformational opening in Ago proteins to allow the incorporation of small RNA ligands (Pratt et al. 2008; Iki et al. 2010; Iwasaki et al. 2010; Miyoshi et al. 2010) . Here, through the large-scale isolation and characterization of Ago2-containing complexes, we identified the Hsp90 co-chaperone Fkbp5 (also known as Fkbp51) as a novel Ago2-associated protein in mouse embryonic stem cells (ESCs). Fkbp5 is a member of the immunophilin family of proteins, previously shown to interact with Hsp90 to dynamically regulate the ligandbinding activity of steroid receptors (Pratt et al. 2008) . Interestingly, other members of the immunophilin family 1 have been recently implicated in the activity and/or biogenesis of small RNAs. In plants, SQUINT (SQN) , which encodes the Arabidopsis ortholog of cyclophilin 40 (CyP40), was initially shown to promote miRNA-mediated gene repression in vivo (Smith et al. 2009 ). sqn mutants resembled weak alleles of ago1 mutants with higher levels of known miRNA-regulated genes and slightly reduced miRNA levels compared with that of wild-type plants. However, AGO1 protein levels were unchanged between sqn mutants and wild-type plants (Smith et al. 2009 ). Subsequently, Cyp40 was shown to physically interact with AGO1 and facilitate small RNA loading in plant extracts (Iki et al. 2012) . Finally, the mouse co-chaperone Fkbp6 and its Drosophila ortholog Shutdown were shown to play a role in the biogenesis of germline-specific small RNAs (PIWI-associated RNAs or piRNAs) (Olivieri et al. 2012; Preall et al. 2012; Xiol et al. 2012) .
We found that pharmacological inhibition of the FkbpAgo2 interaction by the immunosuppressant FK506 or by Fkbp5 knockdown leads to decreased Ago2 protein expression in mouse and human cells. Conversely ectopic Fkbp5 leads to elevated Ago2 protein levels in a miRNA-dependent fashion. Similarly, we found that loss-and gain-of function examination of the related co-chaperone Fkbp4 (also known as Fkbp52) leads to decrease or elevated Ago2 protein levels, respectively. Further supporting a role of the co-chaperones in small RNA loading, we find that FK506 treatment blocks miRNA-dependent stabilization of Ago2 expression, and isolated Ago2 complexes from treated cells were found to contain substantially reduced miRNA levels. Finally, consistent with the coupling of Ago2-miRNA levels, we find that FK506 treatment leads to a decrease in miRNA expression. Altogether our results support a role for the co-chaperones Fkbp4 and Fkbp5 as new members of the Ago2 small RNA loading complex.
RESULTS

Fkbp5 associates with Ago2 in mouse ESCs
To identify novel proteins that associate with Ago2, we performed large-scale Flag immunoprecipitation (IP) from a stable mouse ESC line (KH2-Flag-Ago2) that expresses FlagAgo2 under the control of the tetracycline promoter (Chang et al. 2012) . The Flag-affinity purified eluate was analyzed by Flag Western, silver staining, and colloidal blue staining and revealed the presence of multiple Ago2-associated proteins (Fig. 1A) . Sections 1 through 3 of the colloidal bluestained gel were subjected to mass spectrometry analysis (Fig. 1B) . Several Ago2-interacting proteins that have been previously implicated in miRNA and siRNA pathways were identified, including members of the Hsp70/Hsp90 chaperone machinery known to assist Ago proteins in the loading of small RNA ligands in multiple organisms (Fig. 1B; Hock et al. 2007; Landthaler et al. 2008 ). In addition, we identified the co-chaperone Fkbp5, a member of the immunophilin family of proteins. Fkbp5 is characterized at the N terminus by two FKBP12-like domains (FK); however, only the first domain confers peptidyl prolyl cis-trans isomerase (PPIase) activity (Sinars et al. 2003; Lu et al. 2007) . PPIases are known to catalyze the cis-trans isomerization of prolines to induce conformational changes in client proteins (Wang et al. 2010 ). This first FK domain binds to and is inhibited by the immunosuppressant FK506 (Sinars et al. 2003; Wu et al. 2004 ). The C terminus encodes a tetratricopeptide repeat (TPR) motif, which has been shown to interact with the C-terminal end of Hsp90 ( Fig. 1C ; Scheufler et al. 2000; Pratt and Toft 2003; Zeytuni and Zarivach 2012) . To validate the specific association of Fkbp5 with Ago2-containing complex(es), we performed co-IPs using cell lysates prepared from KH2-Flag-Ago2 ESCs or a negative control ESC line that expresses Flag-Lin28 (KH2-Flag-Lin28). Endogenous Fkbp5 protein was detected in Flag-Ago2 but not in Flag-Lin28 immunoprecipitates. In accordance, Hsp90 was also enriched in FlagAgo2 compared with Flag-Lin28 immunoprecipitates (Fig.  1D ). To test whether Fkbp5 associates with other Ago proteins, we next examined the possible interaction between Ago1 and Fkbp5. We transfected V6.5 ESCs with plasmids expressing Flag-Ago1, a positive control Flag-Ago2, a negative control Flag-Lin28, or an empty vector (pFlag-CMV2). Consistent with our previous results, Flag-Ago2 was able to efficiently pull down Hsp90 and Fkbp5. In contrast, however, less Hsp90 was found associated with Ago1, and we were unable to detect Fkbp5 in Flag-Ago1 immunoprecipitates (Fig.  1E) , Thus, Fkbp5 appears to selectively associate with Ago2. We next tested whether the Ago2-Fkbp5 interaction was RNA-dependent by performing co-IPs using cell lysates from KH2-Flag-Ago2 cells treated with or without RNase A. We found the Fkbp5-Ago2 association to be resistant to RNase A treatment (Fig. 1F) . In contrast, the interaction between Ago2 and Pabpc1 was abolished in the absence of RNA, as previously shown (Fabian et al. 2009 ). Altogether, these results demonstrate that Fkbp5 is a bona fide Ago2 partner and suggest that this interaction can take place independently of RNA.
Cyp40, like Fkbp5 and other FKBPs, binds to Hsp90 in steroid receptor complexes Toft 1997, 2003) . However, its PPIase domain is structurally distinct from that of FKBPs and does not bind FK506 but instead binds cyclosporine A (CsA). Plant Cyp40, was shown to physically interact with AGO1 in vitro, and this interaction was specifically inhibited by CsA treatment (Iki et al. 2012) . Utilizing the same in vitro system, Iki et al. (2012) , showed that FK506 slightly inhibited the interaction between FKBP62 and AGO1. Hence, we tested whether the interaction between mouse Ago2 and Fkbp5 could be inhibited by FK506. To this end, we treated KH2-Flag-Ago2 cells with FK506 while simultaneously activating the expression of Flag-Ago2 by addition of doxycycline (dox) to the media. We then performed co-IPs and measured the association of Fkbp5 with Flag-Ago2. Interestingly, we found that FK506 treatment substantially reduced the levels of Flag-Ago2 protein (see input lanes in Fig. 1G ), and this prompted us to further examine the consequences of FKBP-inhibition on Ago2 and miRNA expression (see below). However when we loaded eightfold more Flag affinity eluate for the FK506-treated than DMSO-treated samples to normalize the levels of Flag-Ago2, we found that FK506 treatment diminished the association of Fkbp5 with Ago2. These results indicate that FK506 is able to effectively abrogate the interaction between Fkbp5 and Ago2 (Fig. 1G ).
FK506 treatment leads to decreased Ago2 protein levels
It has been shown that mammalian cells treated with geldanamycin (or its analog 17-Allylamino-17-demethoxygeldanamycin [17-AAG]) or 2-phenylethynesulfonamide (PES) to specifically inhibit the function of Hsp90 and Hsc70, respectively, exhibited reduced levels of Ago2 (Tahbaz et al. 2001; Johnston et al. 2010; Martinez and Gregory 2013) . Considering also recent findings that unloaded Ago2 is unstable and gets degraded, likely, via the autophagy pathway (Gibbings et al. 2012; Martinez and Gregory 2013) , we examined the effect of inhibiting the interaction between Ago2 and Fkbp5 using immunosuppressant FK506 on the expression of newly synthesized Ago2 protein. We also utilized the related immunosuppressant Rapamycin as a positive control, which has been shown to decrease Ago2 levels in HeLa cells via inhibition of the mTOR pathway and subsequent activation of autophagy (Gibbings et al. 2012 ESCs grown in dox-containing media were subjected to Flag-affinity purification. The affinity eluate was analyzed by SDS-PAGE followed by immunoblotting (IB) using α-Flag antibody, silver staining, and colloidal blue staining followed by mass spectrometry analysis. Arrowhead depicts Ago2, and asterisks depict common Asterisk depicts unspecific protein detected by the α-FKBP5 antibody. (E) Cell extracts from V6.5 ESCs transfected with pFlag-Ago1, pFlag-Ago2, or pFlag-Lin28 expressing constructs or empty vector (pFlag-CMV2), were subjected to Flag IP. Associated proteins were detected by Western blotting using α-HSP90 and α-FKBP5 antibodies. (F ) Cell extracts from KH2-Flag-Ago2 cells grown in dox-containing media were subjected to Flag-affinity purification. Where indicated, extracts were treated overnight with RNase A (20 µg/mL). Associated proteins were detected using the indicated antibodies. Asterisk depicts unspecific protein detected by the α-FKBP5 antibody. (G) FK506 blocks the interaction between Ago2 and Fkbp5. KH2-FlagAgo2 cells were treated with 1 μg/mL dox and (10 µM) FK506 or DMSO for 24 h. Cell extracts were subsequently subjected to Flag-affinity purification. Because the overall levels of Flag-Ago2 are more abundant in extracts from DMSO-treated cells compared with extracts from FK506-treated cells, Flag-IP eluates were diluted by a factor of eight (1:8) for DMSO sample, while Flag-IP eluates from FK506-treated cells were kept undiluted. The resulting Flag IPs were then assessed for associated Fkbp5 by SDS-PAGE and immunoblotting using an α-FKBP5 antibody. An asterisk depicts unspecific protein detected by the α-FKBP5 antibody.
the addition of dox to the media. Treatment with either FK506 or Rapamycin resulted in a dramatic and dose-dependent reduction of Flag-Ago2 levels detected by Western blot ( Fig. 2A-C) . Importantly, addition of FK506 or Rapamycin to the control KH2-Flag-Lin28 cell line did not significantly affect levels of Flag-Lin28, thereby excluding possible nonspecific effects of these chemicals on general protein stability (Fig.  2D ). It is worth noting that neither FK506 nor Rapamycin caused reduced Fkbp5 protein expression in treated ESCs (Fig. 2E ). qRT-PCR analysis revealed that FK506 treatment did not influence Ago2 mRNA levels, further supporting a post-transcriptional control of Ago2 protein expression (Fig. 2F ). We next examined the effect of FK506 treatment on the steady-state levels of endogenous Ago2 expression.
We observed decreased expression of endogenous Ago2 in FK506-treated ESCs as well as with the positive control inhibitors ( Fig. 2G ), whereas levels of Ago2 mRNA were unaffected (Fig. 2H ). To investigate whether the observed effects on Ago2 levels is a phenomenon specific to ESCs, we treated mouse embryonic fibroblasts (MEFs) with FK506 and Rapamycin. Like in ESCs, both inhibitors reduced Ago2 protein levels (Fig. 2I ).
Fkbp4 and Fkbp5 control Ago2 expression
To directly investigate the role of Fkbp5 in Ago2 regulation, we next performed siRNA-mediated knockdown experiments to deplete Fkbp5 expression in ESCs. KH2-Flag-Ago2 ESCs were transfected with either control or Fkbp5 siRNAs for 48 h and then treated with dox for an additional 24 h to induce Flag-Ago2 expression. Western blot revealed Flag-Ago2 levels were reduced in si-Fkbp5 knockdown samples compared with controls ( Fig. 3A ,B). We also found that endogenous Ago2 levels are similarly reduced upon Fkbp5 knockdown in V6.5 ESCs (Fig. 3C ). Altogether, these results indicate that Fkbp5 plays a role in the regulation of Ago2 protein levels. Other TPR-containing immunophilins such as Fkbp4, Cyp40, and PP5 can also associate with steroid-receptor complexes. Thus, different co-chaperones may interact with Ago2 and exert distinct effects on Ago2 protein levels. Although we did not find any other co-chaperone in our mass spectrometry analysis, we decided to investigate the potential role of Fkbp4 in Ago2 regulation. Fkbp4 (also called Fkpb52) is the closest homolog of Fkbp5, with 75% of sequence similarity, and shares a similar domain structure (Fig. 3D) . First, to determine whether Fkbp4 physically associates with Ago2 complexes, we performed co-IPs using cell lysates prepared from inducible ESCs expressing Flag-Ago2 or negative control Flag-Lin28. Similar to our Fkbp5 analysis, endogenous Fkbp4 protein was detected in Flag-Ago2 but not Flag-Lin28 immunoprecipitates (Fig. 3E) . In support of a role in Ago2 regulation, Fkbp4 knockdown led to reduced levels of Flag-Ago2 transgene in the dox-inducible cell line as well as endogenous Ago2 protein in wild-type ESCs (Fig. 3F,G) . These results indicate that analogous to Fkbp5, Fkbp4 also influences Ago2 protein levels. Furthermore, siRNA-mediated knockdown of Fkbp5 and Fkbp4 led to significant reduction of Ago2 levels in MEFs (Fig. 3H) . These results indicate that the co-chaperones likely associate with and regulate Ago2 levels in undifferentiated and differentiated cell types. Interestingly, MEFs treated with siRNAs against both Fkbp4 and Fkpb5 displayed Ago2 protein levels that are further reduced compared with either siRNA alone, indicating that Fkbp4 and Fkbp5 function, at least partially, redundantly in the regulation of Ago2 (Fig. 3H) .
FK506 impairs the loading of miRNAs into Ago2
We have previously shown that miRNA ligands post-transcriptionally regulate the levels of Ago2 and that unloaded Ago2 protein is unstable (Martinez and Gregory 2010) . Similar results were also recently reported in Drosophila (Smibert et al. 2013 ). DGCR8-deficient mouse ESCs, which lack mature miRNAs, display dramatically reduced Ago2 levels compared with their wild-type counterparts (Fig. 4A) . Levels of the co-chaperone machinery, including Hsp90, Fkbp5, and Fkbp4, do however not depend on cellular miRNA levels since DGCR8 Knock Out (KO) and V6.5 wild-type ESCs have comparable levels of these proteins (Fig. 4A ). Ago2 protein level in DGCR8 KO ESCs can be rescued by restoring miRNA levels, for instance, by transfection of small RNA duplexes or pre-miRNAs (Martinez and Gregory 2013) . In agreement with our previous findings, DGCR8 KO ESCs displayed low levels of Ago2 compared with wild-type ESCs (Fig. 4B) , and Ago2 levels were restored by transfection of pre-miR-302a (Fig. 4B) . Interestingly, and consistent with a role for Fkbp4/5 in Ago2 loading, this miRNA-dependent stabilization of Ago2 protein expression was blocked by FK506 treatment (Fig. 4B) . We additionally performed gain-of-function experiments in DGCR8 KO ESCs and found that overexpression of Fkbp4 (Fig. 4C) or Fkbp5 (Fig. 4D ) resulted in an increase in Ago2 levels only when miRNA expression was rescued by overexpression of pre-miR-302a. We have previously shown that overexpression of HSP90 in DGCR8 KO cells increased Ago2 levels only when miRNA levels had been restored (Martinez and Gregory 2013) . Altogether, these results implicate Fkbp4/5 and the Hsc70/Hsp90 complex in the loading of Ago2 with miRNA duplexes and the consequent stabilization of Ago2 expression.
To directly investigate whether FK506 inhibits loading of miRNAs into Ago2 complexes, we isolated Flag-Ago2 containing ribonucleoprotein complexes from KH2-Flag-Ago2 treated with control (DMSO) or FK506. Since unloaded Ago2 is unstable and gets degraded in cells via the autophagy pathway, we also treated cells with the autophagy inhibitor 3-methylamphetamine (3-MA) to overcome the degradation of unloaded Ago2. We isolated associated RNAs from normalized levels of Flag-Ago2 (or Flag-Lin28 negative control) affinity-purified complexes and quantified miRNA levels by qRT-PCR (Fig. 4E,F) . Consistent with the reported role of autophagy pathway in degrading unloaded Ago2, we found that Ago2 complexes isolated from 3-MA-treated cells contained reduced miRNA levels. This result is expected due to the stabilization of unloaded Flag-Ago2 protein. FK506 treatment alone modestly (∼25%) reduced the level of associated miRNAs compared with DMSO treatment (Fig. 4F) . However, if we simultaneously inhibited Ago2 loading and stabilized unloaded Ago2 by treating cells with both FK506 and 3-MA, we found greatly diminished levels of Ago2-associated miRNAs (Fig. 4F) . Importantly, this dramatic reduction in loaded Ago2 is not simply due to a reduced availability of miRNAs in the FK506-and 3-MA-treated cells since the overall abundance of miRNAs in these lysates was unaltered by these treatments (Fig. 4F, right panel) . These results provide direct evidence that (1) unloaded Ago2 can be stabilized by inhibition of the lysosome and (2) FK506 treatment blocks Ago2 loading in mouse ESCs.
FK506 treatment leads to decreased miRNA levels
Levels of Ago proteins within the cell have been shown to influence global miRNA levels. For instance, it has been reported that overexpression of Ago proteins increases mature miRNA levels, while Ago2-deficient MEFs and hematopoietic cells display reduced levels of mature miRNAs (Diederichs and Haber 2007; O'Carroll et al. 2007 ). In addition, it has been reported that in sqn mutant plants, the levels of certain miRNAs are reduced compared with wild-type plants (Smith et al. 2009 ). We therefore next examined whether treatment of ESCs with FK506 would also lead to changes in miRNA levels. We treated KH2-Flag-Ago2 ESCs with dox in the presence or absence of FK506. Addition of dox to induce overexpression of Flag-Ago2 modestly increased the levels of miR-294 and miR-295, two miRNAs expressed specifically in ESCs (Fig. 5A) . Simultaneous addition of dox and FK506 decreased miRNA levels to the basal level (−dox) (Fig. 5A) . Although miRNA levels increased upon Flag-Ago2 overexpression and decreased upon addition of FK506, these changes were very modest (note similar results in Fig. 4F, right panel) . This could be due to either the relatively low level of Flag-Ago2 overexpression compared with endogenous Ago2 levels in this system and/or the possibility that the level of miRNAs required to stabilize ectopic Ago2 is limiting in these cells. Moreover, the relatively long half-life of preloaded Ago2-miRNA complexes might mask effects of inhibiting Ago2 loading over the relatively short The control KH2-Flag-Lin28 cell line was treated with 1 μg/mL dox for 24 h. Cell extracts were subsequently subjected to Flag-affinity purification. Flag-IP eluates were diluted as in Figure 1G to obtain comparable amounts of Flag tagged protein for each condition. Numbers on the bottom indicate the relative levels of immunoprecipitated Flag-Ago2 for each condition compared with DMSO control. (F, left) Associated RNA from Flag IP eluates in E was analyzed by TaqMan qRT-PCR for the indicated miRNAs. For each condition, the miRNA/protein ratio was calculated by dividing the fold enrichment of the indicated miRNA (compared to −dox treatment) by the Flag-Ago2 protein level (relative to DMSO). Error bars, mean ± SD with n = 3. (Right) Total RNA from the cell lysate (input) assessed for levels of indicated miRNAs by TaqMan qRT-PCR. U6 was used for normalization control. Error bars, mean ± SD with n = 3.
time-course of these experiments. We therefore utilized a more sensitive experimental system where we could specifically monitor the effect of FK506 treatment on the expression of nascent miRNAs. DGCR8 KO ESCs were transfected with either a control pFlag-CMV plasmid or a rescuing pFlag-DGCR8 plasmid together with the indicated control DMSO or FK506. As expected, FK506 abrogated the accumulation of mature miRNAs in DGCR8-rescued cells, presumably by blocking miRNA association with Ago2 in the RISC (Fig. 5B) . Of the four Ago proteins (Ago1-4) in mammals, Ago2 is the only one that retains endonuclease activity encoded by its PIWI domain (Rivas et al. 2005 ). This endonucleolytic activity is required for the biogenesis of miR-451, a miRNA important for erythropoiesis (Cheloufi et al. 2010) . Human K562 cells are of the erythroleukemia type and express high levels of miR-451. We therefore treated K562 cells with FK506 to inhibit co-chaperone function. As in mouse cells, FK506 treatment led to decreased Ago2 protein expression (Fig. 5C ) with no effect on Ago2 mRNA levels (Fig. 5D) . In these cells, however, a more substantial effect on the steadystate miRNA levels was also observed (Fig. 5E ). FK506 treatment led not only to reduced miR-451 levels but also to reduced levels of miR-144, a miRNA expressed from the same locus as miR-451 but whose maturation does not require Ago2 (Cheloufi et al. 2010) . Likewise, miR-17 and miR-20a were down-regulated in FK506-treated samples. Hence, the reduction in miRNA levels we observed after co-chaperone inhibition and concomitant decrease in Ago2 protein levels most likely reflects a destabilization of mature miRNAs and does not depend on Ago2 catalytic activity. This is in agreement with a recent report indicating that Ago proteins stabilize mature miRNAs independently of active endonucleolytic activity (Winter and Diederichs 2011) . The more substantial effect of FK506 treatment on miRNA expression in these cells compared with mouse ESCs might reflect a more rapid turnover of miRNAs in K562 cells and/or a greater dependence on Ago2 compared with other Ago family members in erythroid lineages (O'Carroll et al. 2007 ).
DISCUSSION
In this study, we identify Fkbp4 and Fkbp5 as novel components of the Ago2 RISC loading complex. This assertion is based on the RNA-independent physical association of Fkbp5 with Ago2-containing complexes isolated from mouse ESCs. Since unloaded Ago2 is unstable in cells and degraded by the lysosome, inhibition of this interaction with FK506 treatment or Fkbp4/5 knockdown leads to decreased Ago2 levels, and FK506 treatment blocks the miRNA-mediated stabilization of Ago2. Moreover, direct examination of the miRNA content of Ago2 complexes isolated from cells simultaneously treated with a lysosome inhibitor and FK506 revealed the accumulation of unloaded Ago2 complexes. Finally we provide evidence that FK506 treatment impacts miRNA expression. Thus our data provide new insight into the factors required for RISC loading and the control of Ago2 expression with implications for RNAi. The role of Hsp90 has been well studied in the context of steroid receptors. It has been shown that Hsp90 functions to open the receptor's ligand-binding cleft. To do so, Hsp90 dynamically binds, in addition to the receptor, a set of cofactors and co-chaperones that are part of this assembly machinery. First, Hsp90 binds to the client proteins with ordered assistance of Hsp40, Hsp70, and the TPR domain-containing protein Hop. Then, Hop is replaced by other TPR domaincontaining co-chaperones, also called immunophilins, such as Fkbp5, Fkbp4, Cyp40, and PP5 Toft 1997, 2003; Grad and Picard 2007) . These co-chaperones enter into steroid receptor complexes through a direct and competitive binding at the C terminus of Hsp90 via their essential TPR domains ). Hsp90 is a major component of Ago-containing complexes and functions to assist Ago2 in the loading of small RNA ligands (Iki et al. 2010; Iwasaki et al. 2010; Miyoshi et al. 2010) . If unloaded, Ago2 is unstable and gets degraded via a mechanism that likely involves the autophagy pathway (Gibbings et al. 2012; Martinez and Gregory 2013) . Our findings point to the Hsp90 co-chaperones Fkbp4/5 as bona fide Ago2 interacting partners in mouse ESCs, which is in agreement with a recently published large-scale proteomic study (Frohn et al. 2012) . In that report, the investigators employed a large-scale mass spectrometry analysis to identify Ago2-binding proteins in the presence or absence of miRNAs in mouse ESCs. However, the significance of this interaction remained unexplored. While our manuscript was in preparation, another study found Fkbp4 as an Ago2-associated factor in HeLa cells and that Fkbp4 knockdown compromises RNAi efficiency (Pare et al. 2013) . In contrast to our findings, however, Fkbp4 knockdown did not seem to influence Ago2 levels (Pare et al. 2013) . We find that siRNA mediated knockdown of Fkbp4/5 results in reduced Ago2 protein levels. Moreover, we find that FK506 abrogates the interaction between Ago2 and Fkbp4/5 and renders Ago2 unstable. It is then tempting to speculate that Fkbp4/5 functions to assist Hsp90 in Ago2 loading. Consistent with this idea, dual treatment of KH2-Flag-Ago2 ESCs with FK506 and the autophagy inhibitor 3-MA, severely impairs the association of Ago2 with miRNAs. Our model proposes that Fkbp4/5 associate with Ago2-Hsp90 complexes to help open the small RNA binding cleft to facilitate small RNA loading and then dynamically dissociate after siRNA/miRNAs are incorporated. Alternatively, Fkbp4/5 could associate with Hsp90 to regulate other aspects of Ago2 function, such as protein folding. Indeed, the Hsp90 machinery has been reported to control client proteins at many levels, including folding, function, and turnover. Future studies are needed to undercover the precise mechanism of Fkbp4/5 action.
We found that Fkbp5 preferentially associates with Ago2-but not Ago1-containing complexes. A report by Johnston et al. (2010) showed that Hsp90 inhibition by geldanamycin treatment results in significant reduction of Ago1 protein levels in HeLa cells, indicating that, similar to Ago2, Ago1 loading is assisted by Hsp90. Similarly, our unpublished data suggest that Ago1 protein is also destabilized by 17-AAG treatment in V6.5 cells; however, in contrast to Ago2, Ago1 is not destabilized in the absence of miRNAs, since DGCR8 KO ESCs display even higher levels of Ago1 protein compared with wild-type ESCs. Altogether, these findings would indicate that different Ago proteins could potentially associate with distinct Hsp90/co-chaperones complexes or have different affinities for the same Hsp90/co-chaperone complex. A comprehensive analysis of Ago1-and Ago2-associated cochaperones would be necessary to address this question.
Is the PPIase activity of Fkbp4/5 important for Ago2 regulation? FK506 binds to active PPIase domains, and since FK506 treatment reduces Ago2 levels, it could be argued that Fkbp5 isomerase activity is important for Ago2 regulation. However, mutagenesis analysis of plant Cyp40 indicates that both the PPIase and TPR domains are essential for facilitation of AGO1 loading, but the PPIase activity itself may not be as important in this regard (Iki et al. 2012) . Similarly, Fkbp6 reportedly plays a role in the biogenesis of piRNAs even though it possesses an inactive PPIase domain (Olivieri et al. 2012; Preall et al. 2012; Xiol et al. 2012) . Future studies are needed to conclusively determine a role for Fkbp4/5 PPIase activity in Ago2 regulation, but an interesting starting point might be the two prolines (P63 and P622) that are in the cis-configuration in the RNA-bound Ago2 structure (Elkayam et al. 2012; Schirle and MacRae 2012) .
Although our mass spectrometry analysis only found Fkbp5 binding to Ago2 in ESCs, it is feasible that Ago2 binds to other TPR-containing co-chaperones. Indeed, plant AGO1 was shown to associate with multiple TPR-containing proteins, albeit in vitro (Iki et al. 2012) . We have extended our analysis to Fkbp4, the closest Fkbp5 homolog. Similar to Fkbp5, Fkbp4 associates to and regulates Ago2 protein levels. Moreover, double knockdown of Fkbp5 and Fkbp4 in MEFs indicates the existence of some level of redundancy between both cochaperones in the regulation of Ago2. fkbp5 KO and fkpb4 KO mice have been previously generated to study the in vivo role of co-chaperones in the regulation of the androgen receptor. Although fkpb5 KO mice appear normal, fkbp4 KO mice have defects in male reproductive organs, likely due to the role of Fkbp4 in androgen signaling. However, double fkbp5/fkbp4 KO are embryonic lethal (dying before embryonic day 7.5), indicating that Fkbp5 and Fkbp4 are functionally redundant with respect to an early cellular function that is critical to embryonic development (Yong et al. 2007 ). In the future, it will be interesting to address the individual as well as combinatorial contribution of all different TPR-containing co-chaperone to mammalian Ago2 stability and function. Finally, we have shown that human K562 cells also down-regulate Ago2 and miRNA levels when exposed to FK506, indicating that Ago2 regulation by Hsp90-associated co-chaperones is likely a highly conserved mechanism.
MATERIALS AND METHODS
Cell culture, cell lines, and inhibitor treatment ESCs (V6.5, DGCR8 KO, KH2-Flag-Ago2, and KH2-Flag-Lin28) were maintained in DMEM with ESGRO (1000 units/mL; Millipore no. ESG1107), supplemented with antibiotics (GIBCO no. 15140) and with 15% (v/v) Stasis Stem Cell fetal bovine serum (GEMINI no. 100-125). MEFs were maintained in DMEM supplemented with antibiotics and 10% (v/v) fetal bovine serum (GIBCO no. 26140). K562s were maintained in RPMI media. Dox-inducible KH2-Flag-Lin28 and KH2-Flag-Ago2 cells have been previously described (Hagan et al. 2009; Chang et al. 2012) . To induce expression of Flag-tagged transgenes, dox was added to the media at 1 μg/mL for the indicated period of time. Rapamycin (Sigma no. R0392) and 17-AAG (17-demethoxy-17-allylaminogeldanamycin; LC LABS no. A-6880) were dissolved in DMSO and added to cells for 24 h to a final concentration of 5 µg/mL and 20 µM, respectively. FK506 (Sigma no. F4679) was also dissolved in DMSO and added to cells for 24 h to a final concentration of 10 μM, unless otherwise noted.
DNA constructs and RNA
The cDNA of human FKBP5 and FKBP4 was PCR amplified from the Human ORFeome Collaboration Clones (Open Biosystems item nos. OHS5894-99860672 and OHS5894-99170149) using the primers hFKBP4 Fw, 5
′ -CATAAGATATCGACAGCCGAGGAGAT GAAGGCGACC-3 ′ , and Rv, 5 ′ -GCGCTCTAGATTATGCTTCTG TCTCCACCTGAGACT-3 ′ ; hFKBP5 Fw, 5 ′ -CATAAGATATCGA CTACTGATGAAGGTGCCAAGAAC-3 ′ , and Rv, 5 ′ -GCGCTCTA GATTATACGTGGCCCTCAGGTTTCTCTTC-3 ′ and cloned into the EcoRV and XbaI sites of pFlag-CMV2. The constructs used in Figure 1E were obtained as follows: pIRESneo-Flag/HA-AGO2 and pIRESneo-Flag/HA-AGO1 were obtained from Addgene (plasmid nos. 10822 and 10820, respectively), and Flag-DGCR8 and pFlag-Lin28 have been previously described (Gregory et al. 2004; Viswanathan et al. 2008) . Precursor miRNA for mmu-miR-302a was purchased from Ambion. Control (D-001810-01), mmu-Fkbp4 (si-GENOME mFkbp4 set of 4 no. D-062559-01-04), and mmuFkbp5 (si-GENOME SMARTpool mFkbp5 no. M-040262-00-0005 and si-GENOME mFkpb5 set of 4 no. MQ-040262-00-0002) siRNAs were purchased from Dharmacon.
Cell transfections
Lipofectamine 2000 (Invitrogen no. 11668-019) was used according to the manufacturer's instructions to transfect both DNA and RNA into ESCs. Lipofectamine RNAiMAX (Invitrogen, no. 56531) was used to transfect MEFs. Otherwise noted, cells were collected 48 h after transfection.
Cell extracts, Flag IP, and antibodies
Cells were harvested in lysis buffer (20 mM Tris-HCl at pH 8.0, 137 mM NaCl, 1 mM EDTA, 1% [v/v] Triton X-100, 10% [v/v] glycerol, 1.5 mM MgCl2, 1 mM DTT, 0.2 mM PMSF). For Flag IP, Flagtagged proteins were affinity-purified using α-Flag M2 Agarose beads (Sigma) and washed six times with BC-100 buffer (20 mM Tris at pH 7.6, 100 mM KCl, 10 mM β-mercaptoethanol, 10% [v/ v] glycerol, 0.2% [v/v] Nonidet P-40, 0.2 mM PMSF) before elution with 0.5 mg/mL Flag peptide. For the co-IP experiment with RNase A treatment, 20 μg/mL of RNase A was added to whole-cell extracts and incubated overnight at 4°C prior to IP. Antibodies used in this study are listed as follows: α-Tubulin, (Abcam no. ab6046), α-Ago2 (Cell Signaling no. C34C6), α-Flag (Sigma no. A8592), α-HSP90 (Cell Signaling no. 4874), α-FKBP4 (ProteinTech Group no. 10655-1-AP), α-FKBP5 (ProteinTech Group no. 14155-1-AP), α-AGO1 (Sigma no. SAB4200084), a-Lin28A (Cell Signaling no. A177), and α-Actin (Sigma no. A2066). α-Pabpc1 was published previously (Kimura et al. 2009 ). All Western blots were developed by enhanced chemiluminescence and quantified using the ImageJ software (National Institutes of Health).
RNA quantification
Total RNA was isolated using TRIzol reagent (Invitrogen no. 15596-018). For miRNA analysis, 5 ng of total RNA was reverse transcribed using gene-specific stem-loop RT primers and Multiscribe reverse transcriptase (Applied Biosystems no. 4311235). The resulting cDNAs were mixed with TaqMan Universal PCR Master Mix, No AmpErase UNG (Applied Biosystems no. 4324018). Mouse snoRNA-142 was used as normalization control. For mRNA measurement, 1 μg of total RNA was reverse transcribed using random hexamers and SuperScript III reverse transcriptase (Invitrogen no. 18080). PCR products were detected using iQ SYBR Green Supermix (Bio-Rad no. 170-8880) using the following primers: mAgo2 Fw, 5 ′ -TGCCATGGTACGAGAGTTGCTCAT-3 ′ , and mAgo2 Rv, 5 ′ -ACGATGAACGTGATTCCTGGCTGA-3 ′ ; mActin Fw, 5
′ -CAGAAGGAGATTACTGCTCTGGCT-3 ′ , and mActin Rv, 5 ′ -TACTCCTGCTTGCTGATCCACATC-3 ′ ; hAgo2 Fw, 5 ′ -GGT CCGCGAGCTCCTCATCCAG-3 ′ , and hAgo2 Rv, 5 ′ -CAGAAGAG CCGGGTGTGGTGCC-3 ′ ; and hActin Fw, 5 ′ -TGAAGTGTGACG TGGACATC-3 ′ , and hActin Rv, 5 ′ -GGAGGAGCAATGATCTTG AT-3 ′ . Quantitative PCR for both miRNAs and mRNAs was performed using iCycler iQ Multicolor Real-Time PCR Detection System (Bio-Rad).
